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Solid-state sintering has been used to prepare the perovskite
BaZr0.9Sc0.1O3�d. Analysis of X-ray powder diffraction data
shows that an increase of the unit cell parameter, a, was ob-
served after deuteration. Rietveld analysis of room-temperature
neutron powder diffraction data confirmed cubic symmetry
(space group Pm-3m). Dynamic thermogravimetric analysis in-
dicates that the hydration process occurs below 3351C and ap-
proximately 58% of the theoretical number of protonic defects
can be filled. The presence of protons/deutrons is seen from the
strong O–H/O–D stretch band in the infrared spectrum of the
hydrated/deuterated samples. The proton conductivity of a pre-
hydrated sample was investigated under dry and wet Ar atmo-
spheres.

I. Introduction

ELECTROLYTE materials are generally ionic conductors and
electronic insulators. Proton conducting electrolytes have a

wide range of potential applications in fuel cells, batteries, sen-
sors, electrolyzers, etc.1–3 Among these application fields, the
most promising and time-relevant use of these materials is in fuel
cells. For example, in low-temperature (To1001C) fuel cells
such as a polymer electrolyte fuel cell (PEFC), Nafion (per-
fluorosulfonic polymer) is used as the electrolyte material, with
the low operating temperatures necessitating the use of expen-
sive platinum catalysts. Currently, high-temperature fuel cells
based on oxide-ion conductors operate at T46001C, which lim-
its the wide range of material selectivity and also leads to slow
start-up intervals. Therefore, a proton conducting fuel cell op-
erating in the intermediate temperature range (2001–6001C) is a
desirable alternative.

Successive investigation and literature data compiled by
Norby2 show the presence of a ‘‘gap,’’ within the intermediate
temperature range, in which no materials show sufficiently high
proton conductivity. Narrowing this gap would be very benefi-
cial from a technological point of view. For A21B41O3-type
perovskite oxides, Y-doped BaZrO3 and BaCeO3 show the high-
est proton conductivities.4–10 Different parameters, such as hy-
dration enthalpy (DH), electronegativity, size of the dopant
atoms, and crystal structure, have been used in order to under-
stand the material conduction properties and predict new ma-
terials that may exhibit high conductivity. In A31B31O3-type

perovskite oxides, such as La0.9Sr0.1MO3�d (M5Sc, In, and
Lu), the highest proton conductivity was found in the Sc com-
pound,11 i.e. in the materials with the smallest B-site cation. A
different dependence was observed for the A21B41O3-type per-
ovskite oxides of BaZr0.95M0.05O3�d (M5Y, Dy, In, Nd, and
Ga).12 Here, it was reported that the proton conductivity in-
creased with an increase in dopant B-site cation size up to an
ionic radius of �0.9 Å and when the ionic radius of the dopant
ion exceeds 0.9 Å, the conductivity starts to decrease, for exam-
ple for Nd. For complex perovskites, higher conductivity and
lower activation energy are generally found when the difference
in the ionic radius of the B-site cations is small.13 Indeed, the
factors controlling the conduction process may be different for
different types of perovskite oxides. In addition, enhanced con-
ductivity is usually observed for A-site cations of higher ionic
radius.5,12 In general, the sample having a higher crystal sym-
metry shows higher proton conductivity; this is especially true
for zirconate systems.

In this study, 10 mol% Sc-doped Ba21Zr41O3 was investi-
gated. Proton diffusivity in this material has been investigated
before at low temperatures, Tr2001C.14 In the present study, we
have used a combination of different techniques: X-ray powder
diffraction (XRPD), neutron powder diffraction (NPD), dy-
namic thermogravimetric analysis (TGA), infrared (IR) spectro-
scopy, and electrochemical measurements (impedance analysis).
Deuterium-substituted samples have been used in the NPD
experiments due to the high incoherent neutron scattering cross
section of protons.

II. Experimental Procedure

Samples were prepared by a traditional solid-state sintering
technique. Appropriate amounts of BaCO3 (99%), Sc2O3

(99.9%), and ZrO2 (o2% HfO2) have been mixed in order to
obtain the desired compositions. The oxides were heated to
8001C overnight to remove moisture before weighing. To ensure
thorough mixing, ethanol (99.5%) was added during the milling,
which was performed manually using an agate mortar and pes-
tle. The finely ground material was fired at 10001C for 8 h and
subsequently ground and pelletized using a 13 mm diameter die
under a pressure of �538 MPa (8 tons). The pellets were sin-
tered at 12001C in air for 72 h and finally reground and com-
pacted under similar conditions and refired at 15001C for 48 h.
The amount of Hf in the sintered powder was investigated by
inductively coupled-plasma (ICP) emission spectroscopy. The
ICP result showed that 1 mol% of Hf was present in the sintered
powder and this value has been used as a starting value for
Rietveld refinement, which is described in the discussion. After
sintering at 15001C, the pellets showed a density corresponding
to �70% of the theoretical value. A dried sample was prepared
by annealing the as-prepared sample at 9001C in �10�6 mbar
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pressure overnight. The hydration reaction was carried out at
3001C under a humid atmosphere (N2 saturated with water va-
por at 76.21C, i.e. P(H2O)5 0.40 atm.) for several days.

The XRPD measurements were carried out at ambient tem-
perature using a Siemens D5000 powder diffractometer (Bruker-
AXS, Karlsruhe, Germany) (CuKa5 1.5418 Å). For structural
refinement, the XRPD data (in this case, a Bruker AXS D8
ADVANCE VARIO powder diffractometer, CuKa15 1.54058
Å, was used) were collected over a 2y range of 151–1201 with a
step size of 0.021 and an acquisition time per step of 15 s.

The TREOR15 program was used for indexing and evaluation
of the lattice parameter. NPD data for dried and deuterated sam-
ples were collected at ambient temperature on a high-resolution
D2B diffractometer with a l51.5937 Å (at the Institut Laue
Langevin, Grenoble, France). The obtained data sets were refined
by the Rietveld method16 using the GSAS17 (for analysis of
XRPD data) and Fullprof18 (for analysis of NPD data) software.

Dynamic TGA was carried out on a dried sample on heating
from 651 to 9251C as well as cooling from 9251 to 651C with a
SetaramTAG 16 using a rate of 1.51C/min. The measurement was
performed under a stream of Ar gas saturated with water vapor at
461C (P(H2O)50.10 atm) with a flow rate of 20 mL/min.

The IR experiments were performed in an inert Ar atmo-
sphere at room temperature in the diffuse reflectance mode using
a Bruker VECTOR 22 FTIR spectrometer, equipped with a
KBr beamsplitter, a deuterated triglycerine sulfate detector, and
a diffuse reflectance device (Graseby Specac, ‘‘Selector’’). A
wrinkled aluminum foil was used as a reference. The vibratio-
nal spectra was derived by taking the logarithm of the ratio
between the reference spectrum and the sample spectrum.

The impedance was measured from 1 MHz to 1 Hz using a
Solatron 1260 frequency response analyzer in the stand-alone
mode. The sine wave amplitude was 1 V rms. The conductivity
cell used was a ProboStatt from Norwegian Electro Ceramics
AS (NorECs).19 Approximately 0.3 cm2 of the oxide electrode
surface was covered with a conducting platinum paste and a
platinum grid to assure good ohmic contacts. The covered sur-
face area was measured using an optical microscope. At first
impedance measurements were performed for prehydrated sam-
ples on heating from 1501 to 9001C (heating cycle) and down
from 9001 to 1501C (cooling cycle) under a dried Ar atmosphere
at 501C intervals and allowing 10 min to elapse at each new
temperature before the impedance was recorded. In this case, the
Ar gas was dried by flowing through two beds of P2O5. In order
to limit any water uptake from the ambient atmospheres, two
silica tubes were used to encase the cell as extra protection dur-
ing the experiments. Wet runs were subsequently carried out
with a porous Al2O3 outer tube on the same pellet under Ar
saturated at 221C with water, or heavy water vapor, (P(H2O) or
P(D2O)5 0.026 atm) on cooling from 9001 to 1501C in 501C
steps. After reaching the desired temperature, 1 h elapsed before
the impedance spectra were recorded.

Two or three time constants were generally observed for all
runs (except cooling cycle of the prehydrated sample under dry
Ar), corresponding to the bulk and grain boundary conduction.
A typical complex plane plot is shown in Fig. 1, together with
the equivalent circuit used in the data analysis. The obtained
capacitance values were �10�11 Fcm�2 for bulk conductivity
and �10�9 Fcm�2 for grain boundary conduction. Beyond
3001C, it was difficult to separate the different conduction pro-
cesses for all runs. Only one time constant was observed during
the cooling cycle of the prehydrated sample and in this case one
resistance—capacitance (RC) parallel equivalent circuit (con-
stant phase elements [CPE] instead of a pure capacitor) was used
to evaluate the impedance spectra.

III. Results

The room-temperature XRPD patterns of dried and deuterated
BaZr0.9Sc0.1O3�d are shown in Fig. 2. Indexing of these patterns
clearly indicates that all samples possess cubic symmetry of
space group Pm–3m. The unit-cell parameters (a) have been de-
termined from XRPD to be 4.1908(1) Å and 4.1946(4) Å for
dried and deuterated samples, respectively. A similar value (a:
4.19276(6) Å) was reported by Kreuer et al.14 Figure 3 plots the
Rietveld fit achieved to XRD data for the as-prepared sample
and Figs. 4 and 5 show the NPD data collected for dried

Fig. 1. Complex plane plot of BaZr0.9Sc0.1O3�d. Inset shows equivalent
circuit used to extract the impedance data.

Fig. 2. X-ray diffraction patterns of dried and deuterated
BaZr0.9Sc0.1O3�d.

�Represents the peaks due to silicon used as calibra-
tion standard. After deuteration the corresponding single peak shifts
towards lower 2y value (see the inset).

Fig. 3. Observed room temperature X-ray powder diffraction profile of
as-prepared BaZr0.891(2)Hf0.009(2)Sc0.1O2.95 (points), calculated pattern
(solid line) and difference line (bottom). The tick marks show the po-
sitions of the Bragg peaks predicted by the structural model. Inset clearly
shows no indication of impurities.

3040 Journal of the American Ceramic Society—Ahmed et al. Vol. 91, No. 9



and deuterated samples, respectively. A summary of the infor-
mation obtained from the Rietveld structural analyses is shown
in Table I. We refined the fractional occupancy (both for XRPD
and NPD data) of the A-site cation in order to check for the
presence of any Ba deficiency that may have arisen from the high
sintering temperature (15001C for 48 h). The refined A-site oc-
cupancy did not show any tendency to decrease from unity, i.e.
values of 1.002(3) and 1.071(6) were obtained from the XRPD
and NPD refinements, and therefore this value was set to 1.00.
In contrast, the refinement of the B-site cations (fractional
occupancies and isotropic atomic displacement parameter
(IADP) for XRPD and NPD data) and oxygen occupancies
and IADP (only for NPD data) converged rapidly, producing
significant improvements to the quality of fit and chemically
sensible values. The fractional occupancy and IADP of the
oxygen site could not be obtained reliably from the XRPD
data and consequently they were fixed to sensible values of 0.983
(3� 0.983�O2.95) and 2.5 Å2, respectively.

According to our previous investigation 20 of a closely related
acceptor-doped perovskite, deuterium ions are found close to
the oxygen site on the Wyckoff 12h positions (1/2, 0.2, 0) or
possibly the 24 k positions (0.54, 0.21, 0) within Pm–3m sym-
metry. We used similar starting values for the analysis of the
data from the deuterated BaZr0.9Sc0.1O3�d sample in our
attempts to locate deuterium ions within the structure. How-

ever, the refined deuterium position and site occupancy did not
converge well enough to draw any definite conclusions.

Figure 6 shows the dynamic TGA result for the dried sample
under a humid condition (10 vol%water vapor). A change in mass
was monitored during a heating and cooling run under a similar
condition. During the heating cycle, mass gain occurred below
3351C, while mass loss started beyond 3351C. Above 8001C, no
mass change was observed. During the cooling cycle below 8001C,
the sample starts to gain mass under the same humid atmosphere.
Finally, the sample regains its original mass approximately, which
confirms the reversibility of the hydration process. The reversible
mass loss/gain under a humid atmosphere was �0.19 wt%, which
suggests that approximately 58% of theoretically possible protonic
defects [OH�] in BaZr0.9Sc0.1O3�d were filled.

The infrared spectra of the hydrated, deuterated, and the dried
samples are shown in Fig. 7. The spectrum of the hydrated sam-
ple shows a strong O–H stretch band,B2500–3500 cm�1, typical
of hydrated perovskites.5,21,22 This confirms the presence of dis-
solved protons into the perovskite structure of BaZr0.9Sc0.1O3�d
after hydration. Here, we also note that the spectrum of the dried
sample contains a weak O–H stretch band, which also indicates
the presence of some protons in the dried samples although the

Fig. 4. Observed room temperature neutron powder diffraction profile
of dried BaZr0.92(4)Sc0.08(4)O2.96(1) (points), calculated pattern (solid line)
and difference line (bottom). The tick marks show the positions of the
Bragg peaks predicted by the structural model.

Fig. 5. Observed room temperature neutron powder diffraction profile
of deuterated BaZr0.92(4)Sc0.08(4)O3.02(1) (points), calculated pattern (solid
line) and difference line (bottom). The tick marks show the positions of
the Bragg peaks predicted by the structural model.

Table I. Summary Rietveld Analysis for BaZr0.9Sc0.1O3�d

As-prepared

samplea Dried sampleb
Deuterated

sampleb

Space group Pm–3m Pm–3m Pm–3m
Lattice parameter 4.1952 (1) Å 4.1881 (1) Å 4.1914 (1) Å
Thermal parameter, Biso(Å2)
Ba at 1b 1/2,
1/2,1/2

2.72 (2) 0.71 (3) 0.81 (3)

Zr at 1a 0,0,0 2.12 (2) 0.75 (2) 0.79 (2)
Hf at 1a 0,0,0 2.12 (2) — —
Sc at 1a 0,0,0 2.12 (2) 0.75 (2) 0.79 (2)
O at 3d 1/2,0,0 2.5 1.03 (2) 1.01 (2)

Occupancies
Ba 1.0 1.0 1.0
Zr 0.891 (2) 0.92 (4) 0.92 (4)
Hf 0.009 (2) — —
Sc 0.10 0.08 (4) 0.08 (4)
O 0.983 0.988 (2) 1.006 (3)

Weighted R
factor(%)

5.4 9.44 6.26

Expected R
factor(%)

4.1 6.47 3.4

No of fitted
parameters

15 20 20

Both X-raya and neutronb powder diffraction data were collected at ambient

temperature.

Fig. 6. Thermogravimetric analysis (TGA) curve for dried
BaZr0.9Sc0.1O3�d sample collected under humid atmosphere.
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amount is considerably smaller than in the hydrated sample. For
the deuterated sample, the spectrum shows the presence of both
deuterons and protons in the structure as the band between 2000
and 2500 cm�1 is related to O–D stretches.

Figure 8 shows the Arrhenius plots of conductivity for the
prehydrated sample under dry and wet Ar atmospheres. The
conductivity values obtained at different temperatures are sum-
marized in Table II. The total conductivity values of the prehy-
drated sample during heating and under wet Ar (Ar1H2O and
Ar1D2O) runs were nearly one order of magnitude higher com-
pared with that of the cooling cycle at 3001C. In contrast, at
higher temperatures, e.g. T46001C, these values are similar. The
total conductivity measured under a heavy water (D2O1Ar) at-
mosphere was lower (Fig. 8) compared with under a water
(H2O1Ar) atmosphere in the temperature range 1501–8001C.

IV. Discussion

Rietveld analysis of both the NPD and long scan (15.5 h) XRPD
data did not show any indication of extra peaks arising from
impurities such as Sc2O3 or ZrO2 that may have pointed toward
Ba deficiency (see inset of Fig. 3). Furthermore, refinement of
the A site occupancy factor favored full occupancy. Some au-
thors23–25 have reported that BaO evaporation occurs due to
prolonged high-temperature synthesis. This BaO evaporation

probably differs from system to system based on the exact com-
position and thermal history of the sample.

The ICP measurement showed the presence of 1 mol% Hf in
an as-sintered sample, and hence the refinement (X-ray diffrac-
tion) was made on the basis of Hf in the structure model. In
order to refine the occupancies of Zr and Hf on the B site, the
value of Sc was set to 0.1. The refinement converged slightly and
the obtained value of Hf was 0.009(2), which is in excellent
agreement with the ICP result. Because of similar coherent neu-
tron scattering lengths of Hf (7.7 fm) and Zr (7.16 fm), the Hf
and Zr contents were not verified for the dried and deuterated
samples.

After the deuteration reaction, the corresponding Bragg
peaks in the XRPD scans shift toward lower 2y values (higher
d-spacing) compared with the dried sample. This behavior is
unambiguously shown in the inset of Fig. 2 and clearly indicates
that the unit cell parameter of the deuterated sample was larger
compared with the dried sample. An expansion of the unit cell is
often observed after hydration/deuteration.20,26–29 This expan-
sion of the unit cell parameter is a result of filling of oxygen
vacancies ðV��O Þ by hydroxyl groups ðOH�O=OD�OÞ in the pres-
ence of water or heavy water vapor according to the following
reaction:

D2O=H2OðgÞ þO�O þ V��O 22OD�O=2OH�O (1)

Rietveld analysis (Table I) of the NPD data confirms the cubic
crystal symmetry and space group for both dried and deuterated
samples. An expansion of the unit cell of the deuterated sample
was also confirmed from the Rietveld analyses. In order to im-
prove the electrical conductivity of the sample, charge-compen-
sating oxygen vacancies ðV��O Þ were created by partial
substitution of trivalent Sc for tetravalent Zr ions. Charge bal-
ance calculations based on the idealized stoichiometry of
BaZr0.9Sc0.1O3�d indicate that a maximum of 0.05 moles of ox-
ygen vacancy ðV��O Þ ‘‘per chemical formula’’ can be formed in
the dried sample. Our refined oxygen content from the NPD
data analysis for the dried sample showed that 0.04(1) moles of
V��O were in fact obtained, confirming that charge compensation
occurred via vacancy formation. In an oxidizing atmosphere,
charge compensation may instead occur through the formation
of electronic holes as reported elsewhere.30–32 The oxygen con-
tent refined for the deuterated sample was O3.02(1), i.e. the ox-
ygen vacancies were, as expected, filled by O–D groups
according to reaction 1. Hence, the refined oxygen levels for
both samples were in good agreement with expected values of
O2.95 and O3.00 for dried and deuterated samples, respectively.

The deuterium positions were not successfully located within
the structure of the deuterated sample. For a 10 mol% Sc31-
substituted BaZrO3 sample, full occupation of the oxygen sites,
and corresponding incorporation of twice as many deuterium
(D) ions, would lead to a maximum of only 0.1 mol D/mol of
BaZr0.9Sc0.1O2.95. At such low deuterium concentrations, it is
quite difficult to locate their position reliably. Moreover, at am-
bient temperatures, the deuterium ions rotate around the oxide
ions and are not fixed at one position.33 As suggested by
Knight,34 a higher doping, which corresponds to a higher con-
centration of D in the structure, is required to obtain accurate
refinement of deuterium positions, thermal parameters, and site
occupancies. However, utilization of high-resolution NPD data
collected at a low temperature can also be valuable. This is an
approach that has already been successfully used to locate D
sites for deuterated BaZr0.5In0.5O3�y at 5 K by Ahmed et al.,20

SrZr0.95Sc0.05O3–a at 10 K by Ito et al.,35 and for protonated
BaCe0.9Y0.1O2.95 at 4.2 K by Knight.34

The result of the dynamic TGA shows that the content of
protons in the title compound was less (58% of the theoretical
value) compared with for example, 10 mol%Yb-doped (74% of
the theoretical value)36 under identical conditions. In order to
explain this result, the enthalpy of the hydration reaction (Eq.
(1)) DH was calculated using the equation reported by Norby
et al.,37 where,

Fig. 7. Infrared absorbance spectra of dried, protonated and deuterat-
ed samples of BaZr0.9Sc0.1O3�d.

Fig. 8. Arrhenius plots of the conductivity of a BaZr0.9Sc0.1O3�d sam-
ple under different experimental conditions.
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DHðkJmol�1Þ ¼ 400DXB�A � 180 (2)

Here, DXB�A is the difference in electronegativity between the
cations residing in the B site and A site of the perovskite. Allred–
Rochow electronegativities38 were used to determine DXB�A.
The calculated hydration enthalpies (DH) were�80.8 and�86.4
kJmol�1 for Sc and Yb samples, respectively. For materials
showing a more negative DH, both the content of protons and
the dehydration temperature are expected to be higher,5,39 which
is in line with our experimental TGA results. Besides hydration
enthalpy (DH), other factors such as structural disorder and
microstructure may influence the degree of hydration.

From the IR spectra of the dried sample in Fig. 7, it is evident
that although the drying procedure was performed at 9001C
under vacuum, it seems very difficult to remove all protons from
the structure. Perhaps such strongly bound protons located in
grain boundaries or other extreme structural configurations in
the material. This could explain why we do not find any evidence
for deuterons from the NPD refinement. In addition, it should
be noted that the sensitivity for detecting protons with infrared
spectroscopy is much higher than with NPD.

The total conductivity of the pre-hydrated sample (Fig. 8)
recorded at Tr3501C during the heating cycle shows an in-
crease by nearly one order of magnitude in comparison with the
same temperature region for the cooling cycle. At temperatures
above 6001C, the conductivity values are similar for both cycles.
The higher value of conductivity obtained in the intermediate
temperature range (1501–6001C) for the heating cycle reflects the
presence of a significant level of protons within the sample. With
increasing temperature, the protons start to leave the sample and
at T46001C, the majority of protons would have left. These
conductivity results can be correlated to the TGA results
(Fig. 6), which clearly indicate a mass gain on heating the dried
sample under a wet atmosphere starting at approximately 2001C
and a mass loss on the same sample starting at approximately
43501C. Beyond 6001C, very little mass loss is observed, indi-
cating that most of the protons have left the sample. This is
consistent with the much lower conductivity values obtained
below 6001C during the cooling cycle for the now effectively
dehydrated sample. Because the conductivity experiment was
performed in an inert, dry, atmosphere unlike the TGA,
further proton uptake from the atmosphere was strictly limited.
Analogous behavior has been reported previously for many
systems.26,27,36,40,41

The conductivity (Fig. 8) of the same sample under wet Ar
shows a significantly higher value compared with the heating
cycle under dry Ar, especially in the temperature range 3001–
7001C. In the prehydrated sample, protons readily leave the
sample at elevated temperatures and further uptake is not pos-
sible from the controlled dry atmosphere. Under wet Ar, further

proton uptake is easily possible at these temperatures as the ki-
netics of the water uptake reaction is believed to be fast.42 How-
ever, the difference in conductivity becomes smaller at
temperatures 48001C. At such high temperatures, the protonic
defects are unstable in the material; hence, protons are not the
dominating charge carriers. Possibly oxide-ion or hole conduction
dominates in the high-temperature range.

Lower conductivity (Fig. 8) under heavy water (D2O1Ar)
compared with under water (H2O1Ar) in the temperature range
1501–6001C in fact shows the isotope effect, which, in principle,
confirms that the material is a proton conductor. The classical
isotope effect expected for the conductivity measurement is that
sH/sD�O2. In this study, the ratio sH/sD (for bulk) was
�2.5–3 and sH/sD (for total) was �1.4–2. Survey of conduc-
tivity results on other perovskite oxides reveals that similar val-
ues were also reported by Nowick and Vaysleyb.43

From Fig. 8, it is apparent that somewhat higher activation
energies were obtained compared with the typical values of
B0.4–0.5 eV found for the best proton conductors such as Y-
doped BaZrO3 and BaCeO3.

5,12,39 Islam et al.44 calculated that
the binding energies of hydroxy-dopant pairs (OHo

� M0Zr) were
�0.74 eV and �0.26 eV, for M5Sc and Y, respectively. In ad-
dition, higher interaction energies (DEint) for dopant–proton
clusters in BaZrO3 were reported for the case of a Sc dopant
compared with a Y dopant.45 According to recent first principle
investigations of BaZrO3 by Björketun et al.,46 it was found that
the dopants act as ‘‘trapping’’ centers for migrating protons.
This trapping region was strongly correlated with dopant radius.
Our experimental findings show good agreement with theoret-
ical work, confirming a higher activation energy and lower pro-
ton mobility for Sc-doped BaZrO3. Similar experimental results
for the temperature interval below 2001C have also been
reported by Kreuer et al.14

V. Conclusions

Using a standard solid-state synthesis route, it was possible to
obtain single-phase BaZr0.9Sc0.1O3�d samples. Analysis of
XRPD and NPD data indicates that the structure of all the
samples show cubic symmetry (space group Pm–3m). Dynamic
TGA data showed that nearly 58% of the theoretical number of
protonic defects can be filled upon hydration. IR spectra clearly
show the presence of a significant number of protons in the hy-
drated sample compared with the dried sample. Proton conduc-
tion in this material was mainly dominating in the temperature
range (1501–6001C). The lower proton conductivity and higher
activation energy reflect a strong association between the proton
and the Sc-dopant ions, in agreement with several theoretical
studies.
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